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‘ Two-Photon Interactions I

At ~1/AE

The reaction, vv — X, produces three
different types of two-photon final states:

- 7Y e (£ =-¢e,pu,T)

. YY — P, qb, W, J/’L,b Vector Meson Dominance
VMD: main source of vy — hadrons

. YY — qq & Yg — qQq Direct, Resolved
main source of vv = QQ (Q = charm, beauty)
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‘ Two-Photon Interactions I

e Wi, = (CnEn)® — (Cub)’

Invariant mass is typically small in a eTe~ collision

compared to center-of-mass energy /s

2 _ 2 _ . :
e Qf = —qf = 2E;E;(1 — cos 6;)
Anti-tag condition (Q? ~ 0) real photons have a

small transverse momentum, or virtuality
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‘ Two-Photon Interactions I

I
.i[\
IIIIII|I' | I I

ete - ete"yy - ete " utu-

ete~- ete"yy - etehadrons

“~lete— o WHW-

ete-_ hadrons
ete-_ 797°

50 100 500 1000

Vs (GeV)

e Annihilation Processes:
o'(e"‘e_ — X) X l/S

...except resonance production such as Z°

e Two-Photon Processes:
oglete” - ete™ X) x (In(s/m2,.))>

e Background to other processes.
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‘ LEP Colliderl

ALEPH, DELPHI, L3, OPAL

e LEP1: 1989 - 1995 — /s ~ 91 GeV
e LEP1: 1996 - 2000 — /s = 130 ~ 200 GeV

EVENT = eTe™ interaction recorded to tape
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‘ Luminosity Measurementl

The number of events for a physical process:
Nevents = €0 - L
o ¢ = efficiency for detecting process

e 0 = cross section (units of area: pb,nb,cm?)

e L = integrated luminosity

L depends on Accelerator and Detector live time

Determine L using process known very well
both theoretically and experimentally

Bhahba Scattering: ete” —ete™

...very high rate for low angles

Vi o Ne+e_—>e+e_
ete” —

€ Ogte— —ete—
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‘77 Hadronic Productionl

e

Direct

spectator
jet

spectator spectator
jet » jet

Double Resolved Single Resolved

e Direct and Single Resolved Processes
dominate in eTe~ — eTe~cc production
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‘ Charm Production I

Beauty production suppressed relative to
charm due of smaller charge and larger mass

et et et et et et
|y S Sy S : > c %ﬁ.gb)— c
A A 99 A

- <«— T

9000

e Direct: Born term + virtual and real QCD

corrections
constrain mass of charm quark

e Single resolved: vg — cc
measurement of the gluon content in photon

At LEP2 energies, charm production from
resolved processes expected to be comparable

to direct
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‘Theoretical Cross Sectionl

Next-to-Leading (NLO) Calculations

c X) pb
o

+
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Ref: M.Drees, M.Kramer, J.Zunft & P.M. Zerwas
Physics Letters B 306 (1993) 371

e D* tagging: D** — D™
(TPC/2~, TASSO, JADE, TOPAZ, AMY, ALEPH)

e Semileptonic decays: ¢ — s W™
— {4 v
(TOPAZ,AMY,VENUS)
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‘Charm Quark Massl

m.=13GeV-.-,

me=17GeV.-, i
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‘e*e_ Collider Detectorl

Method of Particle Identification in the Detector

Magnet

N\ Muon
e \

A O
X O\

Photan l\W

I

A\
| |

Electron ——>e<+———Positron

Magnet

e Momentum of Charge Particles measured by
curvature in magnetic field in Tracking
Chamber

e Electrons & Photons measured in
Electromagnetic Calorimeter

e Pions, Kaons, Protons measured in Hadron
Calorimeter

e Muons penetrate Calorimeters to reach Muon
Chambers
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The L3 Detector I

| Outer Cooling Circuit

Inner Cooling Circuit

‘ Muon Detector

Excellent resolution for e, 11, ¥ measurements
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L3 Calorimeters I

! Hadron calorimeter barrel
|
i
i

Endcap scintilla r_—-ﬂ
P [ Lo\- 7 ) e ———————

SLUM Hadron calorimeter »
\ endcaps HC1 §\ I

__IQF_
I [] HC3 HC2
————— — — = = |-t = = — = —
= __A—%_
L= I /@ N smp
- ] j/FTC .
Luminosity
Monitor r W///l \
| :
- = N/ ) e e

Active lead rings \ Barrel scintillator

Luminosity Monitor: 25 mrad < 0 < 70 mrad
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‘L3 Online Trigger Systeml

Beams collide at 45 KHz

| L 3 Subdetector |

! ! ! & & &
@\A?CH] (HCAL) [ SCIN ) (ECAL] (TECH) [LUMI] Trigger data

( * + DATA* * * | Coarse digitisation

y 45KHz
Level 1
Trigger
"“8 HZ

Level 2
Trigger

Digitization
N
Subdetector ~ event builder ~5Hz

Central Event Builder

{
Level 3Trigger

y ~3Hz
Tape/disk

Record all interesting physics interactions and
reject beam-wall, beam-gas, cosmic rays, etc.
background
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‘ Hadronic Two-Photon Selectionl

e W, >3 GeV

¢ Eiotal/\/s < 0.38

® Niracks = 5

¢ Erumi/EBeam < 0.4

NG L Trigger Events | BKG
(GeV) | (pb~1) | Efficiency (%)
91 80 0.87 93204 | 2.4
136 12 0.83 21045 0.2
167 21 0.83 44444 0.2
183 52 0.79 116760

[1 MC: PYTHIA version 5.722
ete” —ete qq
LO Calculations with Wge,, > 3 GeV

0 £,, EPA (Q? <1 GeV)
Real Photons

[1 Background Sources

e'e” —Z/y—qq (JETSET/PYTHIA)
te” — 7™ (KORALZ)
efe” - WIW- (KORALW)

Te~ te 777~ (DIAG36)
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‘ Hadronic Two-Photon Selectionl

® Data (91 GeV)

[] MC, ee - eeqq (Pythia)
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‘ Hadronic Two-Photon Selectionl

@ Data (183 Gev) D)
[ IMC, ee - eeqq (Pythia)
FIMC, ee - qq,1T,eett, WW

o TSR AR KT
RIS ISR K KL LR
RS RO 0020202020220 20%0% %% —
LSSSS LRSS
RS LRLERRERLERLLLIRLRLRLELRLLLELS 17
00 e e e e e 000 202000 0020202002020 200202020 0202020202,

50

@ Data (183 GeV) b)
[CIMC, ee - eeqq (Pythia)
Ed MC, ee - qq,1t,eett, WW

IE

Lumi’ —Beam
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‘Semi-Leptonic Decay of Charml

Measurement of Inclusive Charm Production in Two-Photon Alan L. Stone
Collisions at LEP

Louisiana State University
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‘ Muon Candidate I

Run # 658001 Event# 3689 Total Energy: 36.88 GeV

Transverse Imbalance : .1627 Longitudinal Imbalance : 5742

Thrust: .7681 Major : .5903 Minor : .0812

Event DAQ Time : 960717 43936

Transverse view of a two-photon muon-tagged
event

Measurement of Inclusive Charm Production in Alan L. Stone
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‘ Muon Candidate I

Run # 658001 Event# 3689 Total Energy: 36.88 GeV

Transverse Imbalance : 1627 Longitudinal Imbalance : 5742

Thrust: .7681 Major : .5903 Minor : .0812

Event DAQ Time : 960717 43936

Longitudinal view of a two-photon
muon-tagged event
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‘ Lepton Selection I

Muon Selection Electron Selection

| cos 6| < 0.90 | cos 6| < 0.90

P,>2GeV E. > 0.6 GeV

P, <02 Ecam A¢ <20 mrad
IDCA| < 0.5 mm
XEnm < 3
El/Eg > 0.5
Eg/E25 > 0.95
0.85 < Er/pr < 1.2

background

variable
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Electron Select
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Electrons

Lepton Selection Summaryl

24
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Negxp
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0.84

0.097
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32

45

0.5

3.4

0.84

0.084

167

156

112

1.5

22.8

0.85

0.096

183

433

273

4.1

50.5

0.86

0.100

Muons

/s

Noss
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NBkac

P

€

01

57

45

16.9

7
1.00

0.33

167

16

15

1.4

1.00
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52

39

1.4

1.00
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Ngka: Background from annihilation processes and
two-photon production of tau pairs

Neconv: Electrons from photon conversions
P. (P,): Electron (Muon) purity
€e (€,): Electron (Muon) selection efficiency
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Collisions at LEP
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‘Inclusive Lepton Cross Sectionl

eTe” — eTe qq — e"e  + hadrons + lepton
e W, >3 GeV

e [cos 6| <0.9
e p> 0.6 (2.0) GeV for Electrons (Muons)

lept lept
obs kag) Plept] — Neonv

L €trig €lept

(N

AO_lept —

Differential cross section for inclusive electrons as a
function of the electron transverse momentum

® Data (183 GeV)
[ 1 MC, ee - eecc L3
] background

P, (pb/GeV)

do/d

Excess at high p,;? Beauty?
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‘Inclusive Charm Cross Sectionl

ee” — eTe ccX

Nlept

c
lept lept
Nc P +Nncp

e =

..to be less dependent on Monte Carlo flavor
composition (charm and non-charm)...

Mo = (1— 22)/(1 - =)

ed EC

lept lept

lept lept —
e = Nlept 4 NiePt  Nops —Npig
_ had had had pNJhad
NC +NHC Nobs kag

lept lept lept lept
NC +NHC — NC I Nnc
€d €c €nc
had : after hadronic two-photon selection

lept: after final selection with lepton tag

Measurement of Inclusive Charm Production in Alan L. Stone
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‘Charm Analysis Summaryl

Electron Tag

Vs L Sise gkg e €o
[GeV] | [pb™'] | Events | Events [%0] (1072 %]
91 79.8 282 29.5 505 =49 | 422 + 34
136 12.1 82 0.5 700 £3.4 | 420 £ 4.0
167 21.2 156 1.5 60.0 = 3.2 | 52.6 &+ 3.3
183 52.2 433 4.1 65.9 £ 2.2 | 53.3 £+ 2.6
Muon Tag
\/g L N-gbs Nﬁkg ﬂ-g 62/
[GeV] | [pb~ '] | Events | Events [%] (1072 %]
91 79.8 57 15.9 70.6 + 8.8 6.43 + 1.10
167 21.2 16 1.41 48.3 £ 10.1 | 6.48 = 1.01
183 52.2 52 1.38 61.7 - 6.8 | 5.59 + 0.83

Measurement of Inclusive Charm Production in Two-Photon

Collisions at LEP
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[JeTe” — eTe
091 GeV
0136 GeV

O167 GeV

0183 GeV

0 ete” — ete
O91 GeVv

O167 GeV

0183 GeV

‘Inclusive Charm Cross Sectionl

~cc (Electron Tag)

435 + 64
1358 + 243
1009 + 152
1291 + 105

~cc  (Muon Tag)
601 + 168

576 + 361
1260 + 328

Measurement of Inclusive Charm Production in Two-Photon
Collisions at LEP
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‘ Systematic Errors I

Electron Tag

Vs [GeV] 91 136 167 183
Charm purity 42.2 66.8 545 | 42.6
Charm selection eff. | 35.0 | 129.3 | 63.6 | 63.3
Background 28.7 20.2 15.0 | 10.3
Trigger efficiency 4.8 40.5 22.2 | 18.1
Visible mass cut 32.0 | 100.8 | 14.0 | 64.6
Visible energy cut 2.6 0.7 0.1 9.0
Eruwmi/EBeam cut 6.5 14.4 2.0 1.0
Momentum cut 0.1 28.0 20.0 | 25.8
Polar angle cut 8.7 42.0 30.0 | 194
Other electron cuts | 37.0 62.7 44.8 | 43.6
Branching ratio 13.0 40.8 30.3 | 38.7
TOTAL 76 180 106 122

Muon Tag
Vs [GeV] 91 167 183

Charm purity 74.5 121.0 | 139.0
Charm selection eff. | 103.0 90.0 186.0
Background 15.0 22.0 13.0
Trigger efficiency 6.6 12.0 18.0
Visible mass cut 12.2 44.0 17.0
Visible energy cut 97.0 51.0 43.0
ELumi/EBeam cut 0.1 87.0 0.1

Muon cut variation 24.2 11.0 50.1
Branching ratio 18.0 17.3 37.8
TOTAL 164 188 246

29

Systematic errors quoted in pb

Measurement of Inclusive Charm Production in Alan L. Stone
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‘Total Inclusive Charm Cross Sectionl

[ERY
o

ole’e” - e'e’cc X) pb
H
o

+
OFD>X%<o*%x0 @

TPC/Two-Gamma

~100 150
Vs (GeV)

eTe” — eTe ccX

Oo1 cev = 459+ 60 (stat) + 75 (syst) [
O136 cev = 1358 + 243 (stat) + 180 (syst) [
Ore7 cev = 936 + 140 (stat) + 100 (syst) [
O183 cev = 1287 4+ 100 (stat) + 114 (syst) |

Prediction is calculated using m. = 1.3 GeV
Renormalization scale chosen to be the charm mass

Measurement of Inclusive Charm Production in Alan L. Stone

Two-Photon Collisions at LEP Louisiana State University
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‘Direct & Resolved Contributionsl

Energy flow as function of pseudorapidity

[EY

® Data (183 GeV)
— All
-- Resolved
Direct

1/N[dE/dn]

[EEN
o

n = — In[tan(

e n=10=— 0~ 40°
e n=15—7 0~ 25°
e N=20=—60~15°

Resolved process has a small angle remnant jet

Measurement of Inclusive Charm Production in Alan L. Stone
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‘ Electron Candidate I

Run # 688501 Event# 1069 Total Energy: 29.94 GeV

Transverse view of a two-photon
electron-tagged event

p=23GeVand ¢ = 3°

Measurement of Inclusive Charm Production in Alan L. Stone
Two-Photon Collisions at LEP Louisiana State University
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‘ Electron Candidate I

Run # 688501 Event# 1069 Total Energy: 29.94 GeV

Longitudinal view of a two-photon

electron-tagged event
3 jets: Resolved remant or Gluon Radiation

p=236GeVand ¢ =73°

Measurement of Inclusive Charm Production in Alan L. Stone
Two-Photon Collisions at LEP Louisiana State University
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‘Summaryl

[1 Measured o(eTe™ — eTe ccX) in the center-of-mass range of
91 GeV < /s < 183 GeV

[1 Cross section 1} with /s as expected by QCD prediction

[0 Observed data exceed PYTHIA prediction (leading order
calculations) by 60% at 183 GeV. NLO corrections need to be
included in the next generation of Monte Carlos

[l Direct process, even with real and virtual gluon corrections, is
insufficient to describe the data. Need resolved processes
—> Data require a significant gluon content in the photon

[1 Direct contribution to cross section dependent on the charm
mass. Model total cross section as the sum of direct and resolved
components —> Perform fit to determine relative amounts

[0 Higher luminosity and /s, improve statistical uncertainty on
charm cross section. Also, beauty production can be measured for
first time in v collisions

Measurement of Inclusive Charm Production in Two-Photon Alan L. Stone
Collisions at LEP Louisiana State University



35

‘ Preliminary Results I

bb X) pb

+

AMY

TOPAZ

VENUS

TASSO

JADE
TPC/Two-Gamma

O Do X O

+

'3
IO
D)
D)
T
)
D)

Nelectrons = 1710 Nmuons = 208
T1s0 cev = 1378 + 55 (stat) + 134 (syst) [pb]
ete™ — eTe bbX

Nelectrons = 96 Nmuons =49
T1s0 cev = 9.9 + 2.9 (stat) + 3.8 (syst) [pb]

Measurement of Inclusive Charm Production in Alan L. Stone
Two-Photon Collisions at LEP Louisiana State University
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‘ Scintillators I

1998 Data Period
Average corrected time resolution for
the 30 barrel scintillators

Scint. Hits / 0.5 ns

Scint. Hits / 0.5 ns

KR
o

ID 71
Entries 269243
Mean .5206
RMS 2.810
¥’ /ndf .1609E+05/ 18
Constant .5059E+05 + 141.8
Mean -.8481E-01 = .2065E-02
Sigma .9492 + .1785E-02

All Counters - Bunchlet 1

10 15 20 25 30

Corrected Time - Barrel (ns)

ID 72
Entries 12606
Mean .2914
RMS 2.088
¥’ /ndf 5203 | 18
Constant 2840. + 35.58
Mean -.9792E-02 £+ .7781E-02
Sigma .8185 + .6762E-02

@y
~

All Counters - Bunchlet 2

PR AT SR N N A AT SN A SRR

10 15 20 25 30

Corrected Time - Barrel (ns)

Measurement of Inclusive Charm Production in Alan L. Stone
Two-Photon Collisions at LEP Louisiana State University



‘ Scintillators I

1998 Data Period
Average corrected time resolution for
the 32 endcap scintillators

22500
(7]
£20000
L0 17500
15000
~

X

ID 71
Entries 128399
Mean 1.891
RMS 4.648
¥’ /ndf 5111 | 36
P1 -1.464 + .1122E-01
P2 1.319 = .8682E-02
P3 2.797 £ .1760E-01
P4 1197E+05 + 86.48

All Counters - Bunchlet 1

KN
o

Scint. Hits / 0.5 ns

20 25 30

Corrected Time - Endcaps (ns)

ID 72
Entries 5227
Mean 1.886
RMS 4.235
¥’ /ndf 1569 | 36
P1 -1.200 + .4582E-01
P2 1.174 £ 4013E-01
P3 2.758 £ .7097E-01
P4 559.1 + 18.12

All Counters - Bunchlet 2

0 5 10 15 20 25 30

Corrected Time - Endcaps (ns)
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‘ Scintillators I

1998 Data Period
Barrel counter efficiency

%)
S 08
2
&}
S
L

©
\l

track

>1 O GeV/C

Barrel Counter
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‘ Scintillators I

1998 Data Period
Endcap counter efficiency

- 19%8Data i

P
o
c
QL
o
=
Ll

o
©

Ty

track

L l L L L L l L L L L l L E L L l L L L L l L L L L l L L
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Endcap Counter
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‘ The L3 Detector I

6235 - 14180 mmi | ‘

For war d- Backwar d

Mion Chanbers et
<
—p
e
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‘Direct & Resolved Processl

e Data (183 GeV) a)
— MC, All
. MC, Resolved
MC, Direct

Events/3 GeV
(@)

=

® Data (183 Gev) &)
— MC, All

MC, Resolved
MC,Direct

e

\\‘\\\\‘\\\\‘\\\\‘\\\\‘\:\! ) :\\

05 1 15 2 25 3 35 4 45 5
oR (GeV)

(@)

Resolved events require more visible mass to
produce charm pair because of the remnant jet

Measurement of Inclusive Charm Production in Alan L. Stone
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‘ Electron Selection I

b)

® Data (183 GeV)

|:| MC, charm
@ MC, non-charm

@ Data (183 GeV)
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‘ Electron Selection I

Data (183 GeV) b)
MC, electrons
MC, non-electrons

® Data (183 GeV)
|:| MC, electrons

[&X] MC, non-electrons

XK

Qv‘v;

3"%““00 RXRRRR
RLRLLRLLLLRLLLRLR
RLRLRERLLLRLLLERL

A ==

ELRELRREIRIRIRK,

O ) L
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
E./E

9"=25
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‘Final Event Distributionsl

® Data (91 GeV) a)

] MC, ee - eeqq
21 MC, ee - qq,t1,eett, WW

S
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SSSRIL
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‘Final Event Distributionsl

® Data (183 GeV) a)
[ ] MC, ee - eecc

o [&] MC, ee - eeqq, g=u,d,s

<

Events/3 GeV

7

=
i Al

XX

VAVAN

%

® Data (183 GeV) b)

[] MC, ee - eeqq
B MC, ee - qq,tT,eett, WW

+me*f

E, . .../E

Lumi’ —Beam

e No signal charm events rejected by W,;. cut
e Data exceeds MC by 5.5% before anti-tag cut
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